. With the central-nervoussystem myelin, small and large basic proteins, and with the peripheral-nervous-system myelin, glycoprotein and basic proteins are reportedly phosphorylated under conditions both in vitro and in vivo. Whenever tested, cyclic AMP produced only a modest (25-30%) increase in the phosphorylation and only when Triton X-100-dispersed myelin was used in the assay. Despite the fact that cyclic nucleotide-stimulable kinase represents only a small fraction (6%) of the total myelin kinase activity (Petrali et al., 1979) , very little attention has been directed towards the study of cyclic nucleotideindependent kinase. We have reported that Ca2+ in micromolar concentrations profoundly stimulated endogenous Mg2+-dependent protein kinase-catalysed phosphorylation of the rat central-nervoussystem myelin basic proteins, the extent of stimulation being 2-10-fold depending on whether Triton X-100 was present in the phosphorylation assay (Sulakhe et al., 1978; Petrali et al., 1979) . In the present paper we show that phosphorylation of the rat peripheral-nervous-system myelin proteins, like the central-nervous-system myelin proteins, is markedly stimulated by Ca2+ (but not cyclic AMP). We also present some evidence that calmodulin-like protein(s) are involved in the stimu- (Wistar, male, tissues: brain-stem white matter, spinal cord, cauda equina and sciatic nerve. Briefly, 10% (w/v) homogenate (Teflon/glass homogenizer) in 0.25 M-sucrose/ 0.2mM-dithiothreitol/lOmM-Tris/HCl, pH 7.8, was centrifuged at 10000g., for 30min to obtain a myelin-enriched particulate fraction, which after hypo-osmotic shock and sonication was subjected to discontinuous-sucrose-density-gradient centrifugation. The band (0.32/0.88 M-sucrose interface) was diluted with 5 mM-Tris/HCl, pH 7.8, and centrifuged twice to obtain the myelin pellet. This was again subjected to a second sucrose-density-gradient centrifugation and the band (0.32/0.65 M-sucrose interface) was removed, centrifuged, the pellet washed and finally suspended in the homogenizing buffer.
lysed phosphorylation of the rat central-nervoussystem myelin basic proteins, the extent of stimulation being 2-10-fold depending on whether Triton X-100 was present in the phosphorylation assay (Sulakhe et al., 1978; Petrali et al., 1979) . In the present paper we show that phosphorylation of the rat peripheral-nervous-system myelin proteins, like the central-nervous-system myelin proteins, is markedly stimulated by Ca2+ (but not cyclic AMP). We also present some evidence that calmodulin-like protein(s) are involved in the stimuAbbreviations used: SDS, sodium dodecyl sulphate. latory effect of Ca2+ on the central-nervous-system-myelin phosphorylation. Experimental
Isolation ofmyelin
Myelin was isolated [essentially by the method of Norton & Poduslo (1973) ] from each of the following rat (Wistar, male, tissues: brain-stem white matter, spinal cord, cauda equina and sciatic nerve. Briefly, 10% (w/v) homogenate (Teflon/glass homogenizer) in 0.25 M-sucrose/ 0.2mM-dithiothreitol/lOmM-Tris/HCl, pH 7.8, was centrifuged at 10000g., for 30min to obtain a myelin-enriched particulate fraction, which after hypo-osmotic shock and sonication was subjected to discontinuous-sucrose-density-gradient centrifugation. The band (0.32/0.88 M-sucrose interface) was diluted with 5 mM-Tris/HCl, pH 7.8, and centrifuged twice to obtain the myelin pellet. This was again subjected to a second sucrose-density-gradient centrifugation and the band (0.32/0.65 M-sucrose interface) was removed, centrifuged, the pellet washed and finally suspended in the homogenizing buffer.
Polypeptide profiles of the central-nervous-system (brain stem and spinal cord) and peripheral-nervous-system (cauda equina and sciatic nerve) myelin were essentially in good agreement with those reported in the literature [see reviews by Norton (1977) and Braun & Brostoff (1977) ]. The terminology used for the myelin proteins is that described by Greenfield et al. (1973 (Dunkley et al., 1976) and the SDS-solubilized membrane proteins were subjected to slab-gel electrophoresis by the Laemmli (1970) (Petrali et al., 1979) . When total phosphate incorporation was determined, the reaction was terminated with ice-cold 10% (w/v) trichloroacetic acid and the remaining procedure was essentially that described by Kuo & Greengard (1970) (also see Petrali et al., 1979) .
Essentially similar results were obtained with brain-stem-white-matter, spinal-cord, cauda-equina or sciatic-nerve myelin. The data for brain stem (central nervous system) and sciatic nerve (peripheral nervous system) are presented here.
Materials
The sources of these were described previously (Petrali et al., 1979) . Partially purified calmodulindeficient cyclic AMP phosphodiesterase and purified calmodulin [both from bovine heart; see (Petrali et al., 1979) , whereas the major glycoprotein P0 (Mr 28000), was the major phosphorylatable protein for peripheral-nervoussystem myelin (results not shown). In the latter case, phosphorylation of polypeptides Y (M, 26 500), PI (Mr 18000) and P2 (Mr 15000) was also observed. With either peripheral-or central-nervoussystem myelin, cyclic AMP (1 nM-100,uM) caused a very weak stimulatory effect on phosphorylation (with or without Triton X-100 in the assay) ( Table 1) . On the other hand, Ca2+, in micromolar concentrations, stimulated phosphorylation by 4-6-fold when Triton X-100 was included in the assay, and about 2-3-fold when the detergent was absent. Ca2+ action was biphasic, with stimulation at low (halfmaximal at 5pM free Ca2+) and inhibition at the higher (>l100uM) concentrations. Amongst the bivalent cations tested, Sr2+, Ba2+ and Mn2+ mimicked the Ca2+-stimulatory action, but only with up to 20%o efficacy. The phosphorylation reaction was optimum at pH 6.5 and 370C, showed an apparent affinity towards MgATP2-of about 50-75pM, and required 15-20mM-Mg2+ for maximal activity (half-maximal at 3 mM-Mg2+ With either central-or peripheral-nervous-system myelin, the phosphorylated product was hydroxylamine-insensitive, alkali-labile, acid-stable and phosphatase-labile. Serine residues and, to a small extent, threonine residues of the central-nervous-system myelin basic proteins, were phosphorylated by the endogenous kinase and Ca2+ promoted phosphorylation of serine residues.
When central-nervous-system myelin was exposed to EGTA and then centrifuged and washed, there was a marked decrease (40-60%) in the Ca2+-stimulable phosphorylation of basic proteins compared with myelin treated identically but with-1980 though modest in amount, was not decreased after EGTA treatment, but in fact was increased (up to 40%). Calmodulin (bovine heart) showed the same effect as the EGTA extract on both basal and Ca2+-stimulable phosphorylation. Interestingly, the extract moderately increased the Ca2+-stimulable phosphorylation of the control myelin as well. That the extract contains calmodulin-like protein(s) was established in two ways: (1) the extract contained a polypeptide that co-migrated with purified bovine heart calmodulin; (2) the EGTA extract restored the Ca2+-sensitive phosphodiesterase activity of the calmodulin-deficient bovine heart cyclic AMP phosphodiesterase preparation to the same extent as calmodulin (results not shown).
Discussion
The present study clearly shows that myelin protein kinase-catalysed phosphorylation of myelin proteins is markedly stimulated by Ca2+ and only modestly by cyclic AMP. This is true irrespective whether central-or peripheral-nervous-system myelin is used in the investigation. Our previous work on cyclic AMP-and Ca2+-stimulable phosphorylation of rat brain white matter (Petrali et al., 1979) or sciatic-nerve homogenate(s) (E. H. Petrali & P. V. Sulakhe, unpublished work) and subcellular fractions derived from these indicated that the Ca2+-sensitive kinase is exclusively particulate, mostly present in the myelin, whereas the cyclic nucleotide-sensitive kinase is a soluble enzyme in these tissues. In view of the considerable similarities in the effects of temperature of the assay and NaF (Petrali et al., 1979) as well as EGTA treatment (the present study) on basal and Ca2+-stimulable phosphorylation, it is tempting to suggest that most of the basal myelin kinase activity is due to the same enzyme that is stimulated by Ca2+. The present evidence, although not conclusive, implies that calmodulin-like protein(s) are involved in the mechanism through which Ca2+ exerts its effects on the kinase. The likely mechanism involved in the Ca2+ effect on myelin phosphorylation appears similar to that proposed for the Ca2+ activation of the cyclic nucleotide phosphodiesterase. According to this [see review by Wang & Waisman (1979) ], Ca2+ binds to calmodulin and the Ca2+-calmodulin complex interacts with the inactive phosphodiesterase, with the resultant increase in enzyme activity. In the case of myelin, the Ca2+-calmodulin complex interacts with the myelin kinase, leading to enhanced kinase activity, which is reflected in increased phosphorylation of basic proteins (central nervous system) or glycoproteins and other proteins (peripheral nervous system). Further support to this postulate comes from the observations that: (1) the apparent affinity of the calmodulin-Ca2+ binding site as well as of the myelin phosphorylation reaction towards Ca2+ is very similar (3-5 uM); (2) myelin reportedly contains a high-affinity 45Ca2+-binding site (Kapp. of about 10Mm) (Hemminki, 1974) ; (3) the dependence of Ca2+-stimulable cyclic nucleotide phosphodiesterase and that of myelin phosphorylation on Mg2+ (with and without Ca2+) is also very similar; (4) calmodulin-binding protein, which selectively inhibits Ca2+-calmodulin-activatable phosphodiesterase activity (see Wang & Waisman, 1979) , also inhibits Ca2+-stimulable myelin phosphorylation (results not shown).
A unique feature of myelin phosphorylation is that, under conditions both in vitro and in vivo, the same proteins of either central-or peripheral-nervous-system myelin are phosphorylated (Miyamoto & Kakiuchi, 1974; Steck & Appel, 1974; Singh & Spritz, 1976) , a situation clearly different from most, if not all, of the studies on membranes from other mammalian sources, which reveal considerable differences in the proteins phosphorylated under conditions in vivo and in vitro. The observation that Ca2+, but not cyclic AMP, significantly promotes phosphorylation of specific myelin proteins also provides an excellent opportunity to use myelin to investigate the properties of a membrane-bound Ca2+-sensitive kinase. A detailed study of the changes in the Ca2+ concentrations or fluxes in sciatic nerve in relation to myelin phosphorylation may provide clues concerning a likely role of phosphorylation of (basic) proteins in myelin structure and function.
